Leptin has profound effects on feeding, metabolism, and neuroendocrine status. Evidence indicates that the hypothalamus coordinates these responses, though the specific brain pathways engaged by leptin remain obscure. The paraventricular nucleus of the hypothalamus (PVH) regulates pituitary gland function and feeding, and innervates autonomic preganglionic neurons, making it a candidate to regulate many of the responses to leptin. The subparaventricular zone, an anterior hypothalamic region receiving dense innervation from the suprachiasmatic nucleus, is thought to integrate circadian and metabolic information. We investigated the distribution of neurons in the rat brain activated by leptin administration that also project to the PVH or the subparaventricular zone by coupling immunohistochemistry for Fos with retrograde transport of cholera toxin-b. Intravenous leptin characteristically activated several cell groups including the ventromedial hypothalamic nucleus, the dorsomedial hypothalamic nucleus (DMH), and the PVH. When tracer injections were centered in the subparaventricular zone, many double-labeled cells were observed in the dorsomedial subdivision of the ventromedial hypothalamic nucleus. This projection may provide an anatomic substrate for integration of metabolic and circadian information to regulate the hypothalamo-pituitary axis. When cholera toxin-b injections were centered in the PVH, many double-labeled cells were found within the caudal DMH. Hence, activation of specific neuroendocrine and autonomic elements of the PVH may be triggered by leptin-activated afferents arising in the DMH. Our results demonstrate that a discrete set of hypothalamic pathways may underlie leptin's autonomic, endocrine, and behavioral effects.
Leptin, produced by white adipose tissue, affects feeding, thermogenesis, and neuroendocrine status (1) . Absence or resistance to leptin causes obesity, diabetes, reproductive failure, and other neuroendocrine abnormalities (reviewed in refs. 2 and 3). Replacement with exogenous leptin causes ob͞ob mice to reduce food intake and normalize body mass (4) (5) (6) . During starvation, a physiological state of leptin deficiency, similar changes of the reproductive, thyroid, and hypothalamo-pituitary-adrenal axes occur (2, (7) (8) (9) . The behavioral and neuroendocrine effects of leptin are thought to be mediated via the hypothalamus, but the central pathways involved in leptin signaling have not been determined. The paraventricular nucleus of the hypothalamus (PVH) is ideally positioned to regulate responses in the face of changing energy availability. The PVH contains neuroendocrine parvicellular neurons that project to the median eminence and regulate the secretion of thyroid-stimulating hormone and corticotropin (ACTH) (10, 11) . Lesions of the PVH induce hyperphagia and obesity (12) and injections of neuropeptide Y (NPY), which is found in terminals that innervate PVH neurons, increases food intake (13) . Finally, the PVH contains parvicellular neurons that directly innervate parasympathetic and sympathetic preganglionic neurons in the medulla and spinal cord (10, 11) , giving the hypothalamus a direct input to the autonomic nervous system. Thus, the PVH is a candidate to act as a final common pathway in regulating the endocrine and autonomic responses to circulating leptin.
We previously reported that i.v. leptin activates parvicellular subdivisions of the PVH that project to autonomic preganglionic neurons (14) . However, the PVH does not contain high levels of leptin receptors, which are found in the highest densities in the ventrobasal hypothalamus (15) (16) (17) , suggesting that leptin activation of the PVH may be caused by innervation from leptin responsive neurons. Thus, we investigated the origins of leptin-activated afferents to the PVH by using expression of Fos protein as a marker of cellular activation (18, 19) coupled with retrograde transport of the tracer cholera toxin-b (CTb) from the PVH.
MATERIALS AND METHODS
Animals and Leptin Administration. Adult male pathogen free Sprague-Dawley rats (250-350 g; Taconic Farms) were housed in a light-controlled (12 hr on͞12 hr off; lights on at 7 a.m.) and temperature-controlled environment (21.5-22.5°C). The animals and procedures used were approved by the Harvard Medial School and Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committees. As previously described, i.v. catheters were surgically implanted (14, 20, 21 ) and 3-5 nl of CTb (1% in saline; List Biological Laboratories, Campbell, CA) was injected (20) (21) (22) into the vicinity of the PVH. Five to seven days later, rats were injected with recombinant murine leptin (0.1 or 1.0 mg͞kg; Eli Lilly) followed by pyrogen-free saline (PFS; Sigma) or PFS alone (0.25 ml total volume͞rat). All injections were given between 11 a.m. and 12 p.m. Groups consisted of: i.v. leptin 0.1 mg͞kg (n ϭ 7); i.v. leptin 1.0 mg͞kg (n ϭ 17), and i.v. PFS (n ϭ 4).
Histology and Immunohistochemistry. Two hours after leptin or pyrogen-free saline administration, anesthetized rats were perfused transcardially with 0.9% saline followed by 500 ml of 10% neutral buffered formalin (Sigma). The brains were removed, postfixed, and submerged in 20% sucrose for 2-3 nights, and five series of coronal sections were cut at 30 m.
Sections were processed for double-label immunohistochemistry as reported previously from our laboratory (14, 21, 22) . Fos rabbit primary antiserum (Ab-5, Oncogene Science; 1:150,000) was used overnight at room temperature followed by biotinylated goat anti-rabbit IgG (Vector; 1:600) for 2 hr at room temperature. Both antibodies were diluted in 3% normal donkey serum (Jackson Laboratories) and 0.25% Triton X-100 in PBS containing 0.02% sodium azide (PDT). Sections then were reacted with avidin-biotin complex (Vector Elite Kit; 1:200 in PBS) for 1 hr, rinsed, and incubated in 0.04% diaminobenzidine tetrahydrochloride (Sigma), 0.02% nickel sulfate, and 0.02% cobalt chloride (Fisher Scientific), and 0.01% hydrogen peroxide dissolved in PBS for 6-10 min.
Tissue sections were reexposed to 0.3% hydrogen peroxide, rinsed in PBS, incubated in PDT for 2 hr, and exposed to CTb primary antiserum raised in goat (1:100,000 in PDT; List Biological Laboratories) overnight at room temperature. The sections were incubated in biotinylated donkey anti-goat antisera (1:1,000 in PDT; Jackson Laboratories) for 2 hr, and incubated in avidin-biotin complex and diaminobenzidine tetrahydrochloride solution as described for Fos except that the cobalt chloride and nickel sulfate were omitted from the diaminobenzidine tetrahydrochloride solution, yielding a brown cytoplasmic reaction product. In addition, an adjacent series of sections from seven cases (R1118, R1119, R1122, R1124, R1175, R1178, and R1180) were stained for Fos and CTb as described above except that the CTb was visualized via immunof luoresence with a Cy-3-conjugated streptavidin rather than the avidin-biotin complex solution.
Control experiments resulted in no specific staining that included incubation of the tissue in antisera that had been preadsorbed with the Fos peptide (peptide-2, Oncogene; 15 M) and with brain sections from c-fos knockout mice. In addition, negative controls were generated by omission of each primary antiserum.
The tissue sections were mounted onto subbed slides, dehydrated in alcohol, cleared in xylene, coverslipped with Permaslip, and analyzed with a Zeiss Axioplan light microscope. Photomicrographs were produced by capturing images with a digital camera (Kodak, DCS) mounted directly on the microscope and a Apple Macintosh Power PC computer. Image editing software (Adobe Photoshop and Specular Collage) was used to combine photomicrographs into plates, and figures were printed on a dye sublimation printer (Kodak 8600).
Immunoreactive cells (Fos, CTb, or FosϩCTb) in the dorsomedial division of the ventromedial hypothalamic nucleus (VMH) and the caudal subdivision of the dorsomedial hypothalamic nucleus (DMH) were counted by using a grid reticule and a 20ϫ objective (14, 20) in seven cases treated with i.v. leptin (1.0 mg͞kg; see Tables 1 and 2 ). These data were not corrected for double-counting, e. g., by the method of Abercrombie (23) or by using a stereological technique (24) . However, because the objects we were counting (nuclei and retrogradely labeled cells) did not change in size, and section thickness did not vary between groups, any systematic error should be identical for all groups. Hence, as all double-label studies are inherently qualitative our results are meant to provide relative data on expression of Fos-like immunoreactivity (Fos-IR) and CTb-like immunoreactivity (CTb-IR), but are not meant to be accurate estimates of absolute cell counts.
RESULTS
Similar to previous findings, i.v. leptin induced Fos-IR in several nuclear groups including the VMH, DMH, and the parvicellular subdivisions of the PVH (14) . CTb-IR was observed exclusively in the cytoplasmic compartment whereas Fos-IR was found in the nucleus. Only cells that had a clearly distinguishable black nucleus surrounded by brown granular cytoplasmic staining were considered double-labeled. Retrogradely labeled cells with an unstained nucleus or no nucleus in the plane of section were recorded as singly labeled neurons. To confirm these observations, some of the cases were stained by using immunofluoresence for CTb and peroxidase methods for Fos. This procedure resulted in black nuclei in cells containing Fos-IR and red fluorescence in retrogradely labeled cells under the rhodamine filter cube. Both techniques resulted in similar staining patterns and identified two populations of leptin-activated neurons projecting to distinct sites in the rat hypothalamus.
Distribution of Retrogradely Labeled Cells. In five cases (R1175, R1176, R1177, R1178, and R1180) injections were centered in the PVH with very little leakage outside its boundaries. The distribution of cells containing CTb-IR (retrogradely labeled neurons) after these five injections were very similar to those previously reported (21, (25) (26) (27) . Characteristically, retrogradely labeled cells were seen in cell groups including the subfornical organ, median preoptic nucleus, anteroventral periventricular nucleus, ventromedial preoptic area, dorsomedial hypothalamic nucleus, ventromedial hypothalamic nucleus, lateral parabrachial subnuclei, ventrolateral medulla, and nucleus of the solitary tract.
In five cases (R1118, R1119, R1121, R1122, and R1124), injections were centered in the rostral anterior hypothalamic area just lateral and ventral to the PVH excluding the PVH boundaries. These injections included the subparaventricular region defined by Watts and Swanson (28, 29) . Unlike PVH injections, these cases did not have retrogradely labeled cells within the subfornical organ or in the ventrolateral medulla. Instead these cases contained large numbers of retrogradely labeled cells in the VMH, suprachiasmatic nucleus, ventral division of the lateral septum, bed nucleus of the stria terminalis, and subiculum.
Distribution of Fos-IR. Intravenous injections of leptin (0.1 and 1.0 mg͞kg) induced a dose-dependent pattern of Fos-IR as recently described (14) . Briefly, after the 1.0 mg͞kg dose substantial collections of neurons containing Fos-IR were present in the dorsomedial VMH, DMH, the ventral and dorsal parvicellular subdivisions of the PVH, the ventral premamillary nucleus, and the superior lateral parabrachial subnucleus. The Fos-IR in the DMH was characteristically observed in the caudal portion of the ventral subdivision defined by Swanson (30) or Paxinos and Watson (31) . The lower dose of leptin (0.1 mg͞kg) consistently induced Fos-IR in the caudal DMH and was seen in all animals. Other regions 95 (1998) including the PVH, parabrachial nucleus, and ventral premamillary nucleus showed much more variability after the lower dose of leptin. Distribution of Double-Labeled Cells. Intravenous leptin.Three cases (R1175, R1178, and R1180) had CTb injections centered in the PVH and had a typical distribution of Fos-IR after i.v. leptin (1.0 mg͞kg). In these cases, many doublelabeled neurons (containing Fos-IR and CTb-IR) were observed in one brain region, the caudal DMH (Fig. 1 D, F , and H; Table 1 ). These neurons were observed ventral to the compact formation of the DMH. Small numbers of doublelabeled cells were found in the dorsomedial VMH (Table 1) , although large numbers of singly labeled cells containing either Fos-IR or CTb-IR were found. A few double-labeled cells were observed in the paraventricular thalamic nucleus, lateral septum, rostral bed nucleus of the stria terminalis surrounding the anterior commissure, medial preoptic nucleus, suprachiasmatic nucleus, anterior perifornical area, anterior hypothalamic nucleus, ventral premammillary nucleus, medial amygdala, posterior ventrolateral periaqueductal gray matter, and medial pretectal area. In one of the cases (R1175) a few double-labeled cells were found in the lateral aspects of the arcuate nucleus of the hypothalamus. Within the brainstem, the typical retrograde labeling patterns from the PVH were seen in the ventrolateral medulla and nucleus of the solitary tract. However, no double-labeled cells were observed even though Fos-IR was found within the commissural subdivision of the nucleus of the solitary tract (32) .
Injections into the subparaventricular zone demonstrated a distinct pattern of double-labeled cells. Four such cases (R1118, R1119, R1122, and R1124) had a typical distribution of Fos-IR after i.v. leptin (1.0 mg͞kg) but very few retrogradely or double-labeled neurons were observed in the DMH. However, many double-labeled neurons were observed in the dorsomedial subdivision of the VMH (Fig. 1 C, E , and G; Table  2 ), including several neurons in the contralateral VMH. Several double-labeled cells also were observed in the suprachiasmatic nucleus, ventral lateral septum, parabrachial nucleus, and ventral premammillary nucleus.
Intravenous saline. Saline injections resulted in a restricted distribution of double-labeled neurons. One case (R1177) included the PVH and demonstrated a typical retrograde pattern. A few double-labeled neurons were present in the lateral septum, parastrial nucleus, posterior hypothalamus, and paraventricular thalamic nucleus. Several double-labeled cells were found in the suprachiasmatic nucleus (bilaterally) and anterior hypothalamic nucleus. Many retrogradely labeled cells were seen in the DMH and VMH, but very few doublelabeled cells were observed as i.v. saline did not result in Fos expression in either group. Two cases (R1117 and R1121) that received i.v. saline had CTb injection sites in the subparaventricular zone. Several double-labeled cells were observed in the suprachiasmatic nucleus and lateral septum. Scattered doublelabeled cells were observed in the medial preoptic area, lateral hypothalamic area, retrochiasmatic area, pretectal area, and paraventricular thalamic nucleus. Many retrogradely labeled cells were seen in the VMH, but very few double-labeled cells were observed.
DISCUSSION
We have identified two leptin-activated cell groups innervating distinct targets in the rat brain. These leptin-sensitive pathways may represent anatomic substrates for leptin to affect the autonomic nervous system and to regulate the hypothalamopituitary axis. An i.v. dose of leptin of 1.0 mg͞kg induced Fos-IR in normally fed, intact male rats. Although little has been reported regarding the effects of different doses of leptin in rats, the 1.0 mg͞kg dose previously has been shown to blunt starvation-induced changes in ACTH, corticosterone, thyroxine, hypothalamic NPY mRNA, and estrus delay in mice (7).
Our results confirm previous findings that leptin activates nuclear groups in the rat brain thought to be involved in regulation of neuroendocrine function and energy balance (14, 33) . However, as in all Fos studies it must be noted that absence of Fos-IR within an area does not exclude a particular nuclear group's participation in a physiological response, because inhibitory responses may not be associated with Fos expression (34, 35) . Moreover, firing rates of neurons may change sufficiently to produce relevant physiological responses without activating intracellular pathways that induce Fos-IR. It also should be noted that fewer than half of the Fos immunoreactive cells in the VMH or caudal DMH were double-labeled after i.v. leptin (see Tables 1 and 2 ). Undoubtedly, neurons within the DMH and VMH, as well as other cell groups whose participation may be critical to elicit responses to leptin (e.g., NPY neurons in the arcuate nucleus of the hypothalamus), are not accounted for in our experimental paradigms. Nonetheless, we can clearly identify two specific pathways that are activated by leptin and may be involved in producing its effects.
The PVH and Circulating Leptin. The PVH may be critical in responding to circulating leptin. The PVH has been implicated in the regulation of feeding and body weight as lesions of the PVH induce hyperphagia and obesity (12) . In addition, injections of neuromodulators such as NPY into the PVH have profound effects on feeding behavior (13) . The PVH also contains neuroendocrine parvicellular neurons that project to the median eminence and regulate secretion of hormones, including thyroid stimulating hormone and ACTH (see refs. 10 and 11). Interestingly, recent studies have demonstrated that leptin regulates many neuroendocrine systems, including the hypothalamo-pituitary-adrenal axis (7, 8, 15) and the thyroid axis (7, 9) . Leptin also influences the autonomic nervous system as leptin administration affects body temperature, insulin levels, and brown adipose tissue norepinephrine turnover (see refs. 2, 3, 36, and 37). As reported previously, i.v. leptin induced Fos-IR within the ventral and dorsal parvicellular subnuclei (14) , which are a source of descending axons to autonomic preganglionic neurons within the medulla and spinal cord (10, 11) . These projections may give leptinactivated neurons in the hypothalamus a direct input to the autonomic nervous system. Taken together these findings suggest that the PVH acts as a final common pathway to the autonomic nervous system and pituitary gland in response to circulating leptin.
The DMH and Circulating Leptin. After CTb injections into the PVH the largest number of double-labeled cells in the brain Values represent estimates of mean counts of cells Ϯ SEM. Data were analyzed by ANOVA and differences between groups by ANOVA and Scheffe F-test. AHA, anterior hypothalamic area; cDMH, caudal dorsomedial hypothalamic nucleus; dmVHM, dorsomedial division of the ventromedial hypothalamic nucleus; PVH, paraventricular hypothalamic nucleus. *P Ͻ 0.05 compared to VMH. n ϭ 4.
after i.v. leptin were seen in the caudal DMH. van Dijk and colleagues (33) found a similar pattern of Fos-IR after injections of leptin into the third ventricle. The functional significance of the DMH in the response to circulating leptin is still 95 (1998) obscure. However, the DMH has been implicated in the regulation of a wide range of physiological processes. For example, DMH lesions result in changes in pancreatic nerve activity (38) and stimulation of the DMH causes hyperglycemia and increases in plasma catecholamines (39) . These findings suggest a role for this nucleus in regulating insulin secretion, presumably through interactions with pancreatic parasympathetic and sympathetic preganglionic neurons. Additionally, lesions of the DMH cause alterations in feeding behavior and have complex effects on long-term growth and body composition (40) . Recent physiological studies also have demonstrated a role for the DMH in regulating cardiovascular parameters, including heart rate, blood pressure, and respiratory rate (41). These observations indicate that the DMH is involved in regulating the hypothalamic outflow to the autonomic nervous systems. Consistent with this hypothesis, DMH efferents innervate the PVH (10, 42, 43) . Specifically, the DMH targets the parvicellular PVH subdivisions that directly innervate parasympathetic and sympathetic preganglionic neurons in the medulla and spinal cord. Furthermore, leptin receptors are found in the DMH (15, 16) . Interestingly, mRNA for the long splice form variant of the leptin receptor is found in the caudal DMH in a pattern very similar pattern to the cells that are leptin-activated and project to the PVH (unpublished observations). Additionally, increased expression of NPY mRNA is seen in a similar region of the mouse caudal DMH in two models of the agouti obesity syndrome (44) . Although, the functional significance of the leptin-activated projection from the DMH to the PVH remains to be established, our results demonstrate a population of leptin-sensitive cells that reside in the DMH and directly innervate the PVH. Therefore, circulating leptin may induce its autonomic effects by engaging this projection.
The VMH and Circulating Leptin. In contrast to the DMH, very few double-labeled cells were found in the VMH after i.v. leptin and CTb injections into the PVH. However, when the CTb injections were centered in the subparaventricular zone, many double-labeled cells were seen in the dorsomedial VMH. The VMH has been reported to regulate feeding and metabolism as lesions of the VMH and surrounding fiber pathways result in hyperphagia, obesity, diabetes, and elevated levels of corticosteroids (12, 45, 46) . Interestingly, the subparaventricular zone receives a very dense innervation from the suprachiasmatic nucleus, the circadian pacemaker of the mammalian brain (28, 47) . The anatomic makeup of the region (inputs from the VMH and the suprachiasmatic nucleus) suggests that the subparaventricular zone is essential in integrating nutritional and circadian information into endocrine responses (28, (47) (48) (49) .
Food restriction in the dark period results in changes in the circadian rhythms of corticosterone illustrating a link between nutritional signals and corticosterone secretion (50) (51) (52) (53) . Lesions of the VMH, but not the suprachiasmatic nucleus, abolish this change in circadian corticosterone levels in food restricted rats (50, 51) . Additionally, lesions or inhibition of the VMH alter diurnal corticosterone rhythms (54) (55) (56) . These findings suggest that the VMH may be critical in linking nutritional status into circadian neuroendocrine responses. Interestingly, an inverse relationship of plasma leptin and corticosteroid levels exist in mice and humans (7, 57) . Food restriction reverses the phase of both the corticosterone and leptin circadian rhythms such that they maintain their inverse relationship (R.S.A. and J.S.F., unpublished observations). Finally, the dorsomedial VMH contains leptin receptors (15, 16) and is activated by i.v. leptin administration (14) . Our findings demonstrate a population of leptin-activated neurons in the VMH that innervate the subparaventricular zone, providing an anatomic substrate by which leptin may regulate the secretion of hormones such as corticosterone across the circadian cycle.
Moreover, the subparaventricular zone projects densely to the DMH and not to the PVH (49) , so the effects of leptinactivated neurons in the VMH that innervate the subparaventricular zone ultimately may be mediated by projections of the DMH to the PVH (see Fig. 2 ).
Multiple Leptin-Sensitive Hypothalamic Pathways. Recent studies have focused on NPY neurons in the arcuate nucleus as targets of leptin. Expression of NPY mRNA in the arcuate nucleus is increased after fasting and in ob͞ob mice, and leptin repletion normalizes this overexpression (2, 15) . In addition, leptin receptors colocalize with NPY mRNA in arcuate neurons (58) . Recently, Palmiter and colleagues (59) found that ob͞ob mice that also lacked the NPY gene (double knockouts) had an attenuated phenotype when compared with the ob͞ob mutation alone. However, NPY neurons are not the only target of circulating leptin. For example, although lack of NPY did attenuate the ob͞ob phenotype, these mice were still markedly overweight and had neuroendocrine abnormalities. Additionally, NPY single knockout mice have normal feeding behavior, body weight, neuroendocrine status, responses to exogenous leptin, and responses to starvation (60, 61) .
Leptin receptors also are found in several other hypothalamic nuclear groups, including the DMH, VMH and ventral premamillary nuclei (15, 16) , all of which contain Fos-IR after i.v. leptin administration (14) . The ventral premammillary nucleus is thought to play a role in regulating reproductive physiology and behavior (62, 63) . Recent studies have suggested a role for leptin in regulating the reproductive axis (64, 65) and the onset of puberty (66) (67) (68) . We found very few double-labeled cells in the ventral premammillary nucleus after CTb injections into either the PVH or subparaventricular zone. These leptin-activated cells, therefore, project to other hypothalamic sites and represent yet another leptin sensitive pathway that may be involved in regulating the effects of leptin on the reproductive axis. We hypothesize that multiple path- FIG. 2 . A schematic drawing of the rat brain in sagittal section demonstrating a neuroanatomical model of leptin action. Circulating leptin acts on cell groups containing leptin receptors (OBRs) within the arcuate (Arc), dorsomedial (DMH), and ventromedial (VMH) hypothalamic nuclei. Ultimately, activation of the autonomic and neuroendocrine components of the paraventricular hypothalamic nucleus (PVH) is responsible for the physiological effects of leptin. We hypothesize that intravenous leptin inhibits Arc neuropeptide Y (NPY) neurons that innervate the PVH. Simultaneously, circulating leptin activates neurons in the DMH whose efferent projections converge on PVH neurons that innervate sympathetic and parasympathetic preganglionic neurons in the medulla and spinal cord. Additionally, circulating leptin activates neurons in the VMH whose efferent projections converge on the anterior hypothalamic area͞ subparaventricular zone (AHA͞SPVZ). The AHA͞SPVZ also receives dense innervation from the suprachiasmatic nucleus (SCN). Engagement of these parallel pathways is responsible for the manifestation of the physiological effects of circulating leptin. ways are simultaneously engaged by circulating leptin, and these pathways acting in concert underlie the multiple central nervous system responses to circulating leptin. Our results suggest that the VMH and DMH projections to the subparaventricular zone and the PVH, respectively, may be components of this circuitry.
